Surface fluxes are important boundary conditions for climatological modeling and the Asian monsoon system. The recent availability of high-resolution, multi-band imagery from the ASTER (Advanced Space-borne Thermal Emission and Reflection radiometer) sensor has enabled us to estimate surface fluxes to bridge the gap between local-scale flux measurements using micrometeorological instruments and regional scale land-atmosphere exchanges of water and heat fluxes that are fundamental for the understanding of the water cycle in the Asian monsoon system. A Surface Energy Balance System (SEBS) method based on ASTER data and field observations has been proposed and tested in this paper for deriving net radiation flux (R n ), soil heat flux (G 0 ), sensible heat flux (H), and latent heat flux (lE) over a heterogeneous land surface. As a case study, the methodology was applied to an experimental area at NamCo, located at the central Tibetan Plateau, China. The ASTER data of 11 June 2006, 29 October 2007, and 25 February 2008 was used in this paper for the NamCo area case. To validate the proposed methodology, the ground-measured land surface heat fluxes (net radiation flux (R n ), soil heat flux (G 0 ), sensible heat flux (H), and latent heat flux (lE)) were compared to the ASTER derived values. The results show that the derived land surface heat fluxes in different months over the study area are in good accordance with the land surface status. The tendency is basically to maintain consistency. It is therefore concluded that the proposed methodology is successful for the retrieval of land surface heat fluxes using the ASTER data and filed observations over the study area.
Introduction
The energy and water cycles play an important role in the Asian monsoon system over the Tibetan Plateau. The Tibetan Plateau contains the world's highest elevation with an average elevation for relief features of about 4000 m. It represents an extensive mass extending from subtropical to middle latitudes and spans more than 25u of longitude. Because of its topographic character, the plateau surface absorbs a large amount of solar radiation energy (much of which is redistributed by cryospheric processes), and undergoes dramatic seasonal changes of surface heat and water fluxes (e.g., Ye and Gao, 1979; Ye, 1981; Yanai et al., 1992; Ye and Wu, 1998; Ma et al., , 2006 . Some interesting detailed studies concerning the land surface heat fluxes have been reported in the northern Tibetan Plateau (e.g., Yang et al., 2002 Yang et al., , 2003 Choi et al., 2004; Zuo et al., 2005; Ma and Ma, 2006) . These researches were, however, on point-level or a local-patch-level. Since land-surface atmosphere interaction information is required for this area, the aggregation of the individual results into a regional scale is necessary.
Remote sensing offers the possibility to derive regional distribution of land surface heat fluxes over a heterogeneous land surface in combination with sparse field experimental stations. Remote sensing data provided by satellites are a means of obtaining consistent and frequent observations of spectral albedo and emittance of radiation at elements in a patch landscape and on a global scale (Sellers et al., 1990) . The land surface variables and vegetation variables, such as surface temperature (T sfc ), surface hemispherical albedo (r 0 ), NDVI, MSAVI, LAI, and surface thermal emissivity (e) can be derived directly from satellite observations (e.g., Susskind et al., 1984; Che'din et al., 1985; Tucker, 1986; Wan and Dozier, 1989; Menenti et al., 1989; Li, 1990, 1995; Watson et al., 1990; Baret and Guyot, 1997; Price, 1992; Kahle and Alley, 1992; Li and Becker, 1993; Qi et al., 1994; Norman et al, 1995; Schmugge et al., 1995; Kustas and Norman, 1997; Sobrino and Raissouni, 2000; Su, 2002; Ma et al., 2003a Ma et al., , 2003b Oku and Ishikawa, 2004; Kato and Yamaguchi, 2005) . The regional heat fluxes can be determined indirectly with the aid of these land surface variables and vegetation variables (Pinker, 1990) .
Recent studies have explored several approaches to estimate the regional distribution of surface heat fluxes. These methods require specification of the vertical temperature difference between the surface temperature and the air temperature and an exchange resistance (e.g., Kustas et al., 1989; Kustas, 1990; Wang et al., 1995; Menenti et al., 1991; Menenti and Choudhury, 1993; Bastiaanssen, 1995; Kustas and Norman, 1997; Su, 2002) . However, these remote sensing retrieval methods have been performed in homogeneous moist or semiarid regions, and investigations in heterogeneous landscapes of high altitude (e.g., the Tibetan Plateau area) are rare.
NOAA/AVHRR, GMS, and Landsat-7 ETM data have been used to determine regional land surface heat fluxes over the heterogeneous landscape of the Tibetan Plateau (Ma et al., 2003a (Ma et al., , 2003b (Ma et al., , 2006 Oku et al., 2007) . However, the resolution of Arctic, Antarctic, and Alpine Research, Vol. 43, No. 2, 2011, pp. 239-245 E the NOAA/AVHRR and GMS data is about 1 km 3 1 km and sub-pixel heterogeneity has been omitted. This is also the case with Landsat-7 ETM data. The aim of this research is to upscale in situ point observations of land surface variables and land surface heat fluxes to the regional scale using high-resolution (15 m 3 15 m) ASTER data.
Data and Methodology

DATA
The recent availability of high-resolution, multi-band imagery from the ASTER sensor has enabled us to estimate surface fluxes. ASTER covers a wide spectral region with 14 bands from the visible to the thermal infrared with high spatial, spectral, and radiometric resolution. The spatial resolution varies with wavelength: 15 m in the visible and near-infrared (VNIR, 0.52-0.86 mm), 30 m in the shortwave infrared (SWIR, 1.6-2.43 mm), and 90 m in the thermal infrared (TIR, 8.1-11.6 mm) (Yamaguchi et al., 1998) .
The most relevant data, collected at the NamCo station (Ma et al., 2008) to support the parameterization of land surface heat fluxes and analysis of ASTER images in this paper, consist of surface radiation budget components, surface radiation temperature, surface albedo, humidity, wind speed and direction measured at the Atmospheric Boundary Layer (ABL) tower; turbulent fluxes measured by the eddy correlation (EC) technique; soil heat flux; soil temperature profiles; soil moisture profiles; and the vegetation state (Fig. 1) . The sensible heat flux and latent heat flux using EC system is made by Campbell (CSAT3). So far, EC has been recognized as the best measurement tool for sensible heat flux and latent heat flux. The measurement resolution: u x and u y are 1 mm/s rms; u z is 0.5 mm/s rms; c is 15 mm/s (0.025 uC) rms. Accuracy assumes 230 to +50 uC range; wind speeds ,30 m/s; and wind angles of 6170u.
THEORY AND SCHEME
A Surface Energy Balance System (SEBS; Su, 2002) was proposed for the estimation of atmospheric turbulent fluxes and evaporative fraction using satellite earth observation data, in combination with meteorological information at proper scales. SEBS consists of: a set of tools for the determination of the land surface physical parameters, such as surface albedo, emissivity, surface temperature, vegetation coverage, etc., from spectral reflectance and radiance measurements; it is a model for the determination of the roughness length for heat transfer (Su, 2002) .
In this study, the SEBS retrieval algorithm is used for the ASTER data. The general concept of the methodology is shown in a diagram (Fig. 2) . The surface albedo for shortwave radiation (r 0 ) is retrieved from narrowband-broadband conversion by Liang (Liang, 2001) . The land surface temperature (T sfc ) is derived using a method developed by Juan et al. (2006) from multispectral thermal infrared data. Juan et al. (2006) also evaluated a technique to extract emissivity information from multispectral thermal infrared data adding vegetation information. The radiative transfer model SMAC (Rahman and Dedieu, 1994) computes the downward shortwave and longwave radiation at the surface. With these results the surface net radiation flux (R n ) is determined. On the basis of the field observations, the soil heat flux (G 0 ) is estimated from net radiation flux (R n ). The sensible heat flux (H) is estimated from T sfc , and regional latent heat flux (lE) is derived as the residual of the energy budget theorem (Liou, 2004; Ma et al., 2006) for land surface.
The net radiation flux R n is estimated as 
where e 0 (x,y) is surface emissivity, K Q (Wm
22
) represents the FIGURE 1. The goal of the study was to retrieve land surface heat fluxes using the NamCo area in the central Tibetan Plateau area of China.
On the right is a Landsat TM map of the study area (Source for this data set was the Global Land Cover Facility at the University of Maryland; http://www.landcover.org.), including NamCo Lake and NamCo Station (compare with Fig. 3 ). Elevations in this area range from 4718 m for NamCo Lake and 4730 m at NamCo Station up to 7111 m in the mountains to the southeast. The location of NamCo Lake within China is shown in the sketch map on the left. Dots are major cities within China, and the dashed line shows the limits of claimed Chinese territory.
shortwave (0.3-3 mm), and L Q (Wm
) the longwave (3-100 mm) radiation components, respectively. Surface albedo r 0 (x,y) is derived from the narrowband-broadband conversion method by Liang (2001) . Since ASTER has nine bands, it is expected that so many bands should enable us to convert narrowband to broadband albedos effectively. Liang (2001) found that the conversions are quite linear. The resultant linear equations are collated as follows: r 0~0 :484a 1 z0:335a 3 {0:324a 5 z0:551a 6 z0:305a 8 {0:367a 9 {0:0015 ð2Þ
where i (i 5 1-9) are the correspondent ASTER band surface reflectances. The equation to calculate soil heat flux is parameterized as (Su, 2002) :
in which it is assumed that the ratio of soil heat flux to net radiation C c 5 0.05 for the full vegetation canopy (Monteith, 1973 ), and C s 5 0.315 for bare soil (Kustas et al., 1989) . An interpolation is then performed between these limiting cases using the fractional canopy coverage, f c . In order to derive the sensible and latent heat flux, similarity theory (Monin and Obukhov, 1954) will be used here. In ASL (Atmospheric Surface Layer), the similarity relationships for the profiles of the mean wind speed, u, and the mean temperature, h 0 2 h a , are usually written in integral form as (Monin and Obukhov, 1954) :
where z is the height above the surface, u * 5 (t 0 /r) 1/2 is the friction velocity, t 0 is the surface shear stress, r is the density of air, k 5 0.4 is von Karman's constant, d 0 is the zero plane displacement height, z 0m is the roughness height for momentum transfer, h 0 is the potential temperature at the surface, h a is the potential air temperature at height z, z 0h is the scalar roughness height for heat transfer, y m and y h are the stability correction functions for momentum and sensible heat transfer, respectively. L is the Obukhov length defined as (Monin and Obukhov, 1954) :
where g is the acceleration due to gravity and h v is the potential virtual temperature near the surface. Normally the latent heat flux lE is the residual resulting from an application of the energy budget theorem to the land surface (Ma et al, 2006) :
but SEBS use the evaporative fraction to derived latent heat flux, which is estimated by:
FIGURE 2. Diagram of parameterization procedure by combining Advanced Space-borne Thermal Emission and Reflection radiometer (ASTER) data with field observations. The method of Jimenez-Munoz et al. (2006) yields land surface temperature and emissivity. SMAC is radiative transfer model; P v is vegetation coverage; e 0 is emissivity; T sfc is land surface temperature; r 0 is land surface albedo for shortwave radiation; K Q is shortwave radiation; L Q is longwave radiation; Z 0m is roughness height for momentum transfer; kB 21 is the excess resistance for heat transportation; d 0 is zero plane displacement height; u is mean wind speed; T a is air temperature; Y m is stability correction function for momentum; Y h is stability correction function for sensible heat transfer; G 0 is the soil heat flux; R n is the net radiation flux; lE is the regional latent heat flux; and H is the sensible heat flux.
TABLE 1
The input observation data of the Surface Energy Balance System (SEBS). FIGURE 3. Distribution maps of land surface heat fluxes over the area around NamCo Station (compare with Fig. 1) .
The latent heat flux (lE) can then be calculated by lE~L R n {G 0 ð Þ ð 9Þ
Case Studies and Validation
As a case study, three scenes of ASTER data over the NamCo area of the Tibetan Plateau are used here. Table 1 shows the input data of SEBS. Figure 3 shows the distribution maps of surface heat fluxes around the NamCo area. Figure 4 shows the validation of the derived net radiation R n , soil heat flux G 0 , sensible heat flux H, and latent heat flux lE against ground measurements over the NamCo area with a 1:1 line.
The results show the following:
(1) The derived surface heat fluxes (net radiation flux R n , soil heat flux G 0 , sensible heat flux H, and latent heat flux lE) in different months over the study area are in good accordance with the land surface status. The experimental area includes a variety of land surfaces such as a large area of grassy marshland, some desertification grassland areas, many small rivers and NamCo lake; therefore, these derived parameters show a wide range due to the strong contrast of surface features. Net radiation flux changed from 300 to Fig. 3 ).
(2) The derived net radiation flux over the study area is very close to the field measurements; the absolute percent difference (APD) is 3.5%, which is the result of improvement in surface albedo and surface temperature. The regional soil heat flux derived from the relationship between soil heat flux and net radiation flux is suitable for heterogeneous land surface of the NamCo area, because the relationship itself was derived from the same area. (3) The derived regional sensible heat flux and latent heat flux at the validation sites in the NamCo area are in good agreement with field measurements (Fig. 4) . Although it has a deviation, it may also reflect the surface status in the NamCo area. This is due to the fact that atmospheric boundary layer processes have been considered in more detail in our methodology, and the proposed parameterization for sensible heat flux and latent heat flux can be used over the NamCo area. In Table 1 the input observation data can be seen clearly. 
Concluding remarks
In this study, the regional distributions of land surface heat fluxes (net radiation flux, soil heat flux, sensible heat flux, and latent heat flux) over the heterogeneous central Tibetan Plateau area were derived with the aid of ASTER data and field observations. Reasonable results of land surface heat fluxes were gained in this study.
The retrieval of regional land surface heat fluxes over a heterogeneous landscape is not an easy task.
(1) Only three ASTER images are used in this study. To obtain more accurate regional land surface fluxes (daily to seasonal variations) over a larger area (the Tibetan Plateau), more field observations (ABL tower and radiation measurement system, radiosonde system, turbulent fluxes measured by the eddy correlation technique, soil moisture and soil temperature measurement system, etc.) and other satellite sensors such as MODIS (Moderate Resolution Imaging Spectroradiometer) and NOAA (National Oceanic and Atmospheric Administration)/AVHRR (Advanced Very High Resolution Radiometer) with more frequent temporal coverage have to be used. (2) This study implies the SEBS method is only applicable to clear-sky days. In order to extend its applicability to cloudy skies, we should consider using microwave remote sensing data to derive surface temperature and other land surface variables.
SEBS has been developed to estimate atmospheric turbulent fluxes using satellite earth observation data, in combination with meteorological data from a proper reference height given by either in situ measurements for application to a point, or radiosonde or meteorological forecasts for application at larger scales. On the basis of these experimental validations, SEBS can be used to estimate turbulent heat fluxes at different scales with acceptable accuracy.
